Based on comparative genome analyses, the increases in protein-coding gene number could not account for the increases of morphological and behavioral complexity of higher eukaryotes. Transcriptional regulations, alternative splicing and the involvement of non-coding RNA in gene expression regulations have been credited for the drastic increase of transcriptome complexity. However, an emerging theme of another mechanism that contributes to the formation of alternative mRNA 3'-ends is alternative polyadenylation (APA). First, recent studies indicated that APA is a wide spread phenomenon across the transcriptomes of higher eukaryotes and being regulated by developmental and environmental cues. Secondly, our characterization of the Arabidopsis polyadenylation factors suggested that plant polyadenylation has also evolved to regulate the expression of specific genes by means of APA and therefore the specific biological functions. Finally, Phylogenetic analyses of eukaryotic polyadenylation factors from several organisms revealed that the number of polyadenylation factors tends to increase in higher eukaryotes, which provides the potential for their functional differentiation in regulating gene expression through APA. Based on above evidence, we, thus, hypothesize that APA, serving as an additional mechanism, contributes to the complexity of higher eukaryotes.
Prior to the genome era, prevalent assumption was that the more complicated an organism was, the more protein-coding genes the organism would possess. However, the sequencing of multiple genomes revealed that the volume of protein-coding genes was not correlated with the complexity of the organisms. 1 Not only so, the proportion of protein-coding sequences even tends to decrease in the organism's genome when its complexity increases. 2, 3 How, then, do the higher eukaryotes gain their complexity? Two major explanations have been proposed. One states that although the number of protein-coding genes is not significantly increased, the transcriptions of those protein-coding genes in higher eukaryotes are much more intensively regulated in term of both transcription level and the forms of their transcripts. 1, 4 The other explanation is that the transcription of protein-coding genes counted only a minor portion of the whole transcriptomes while the most part of the transcriptomes consists of non-coding RNAs. In this case, non-coding RNAs are assumed to play a variety of functional and/ or structural roles and therefore contribute to the complexity of the higher eukaryotes. 3, 5 An array of evidence support both mechanisms, 1,3-5 therefore, either might partially hold the truth.
For the first explanation, enriching the transcriptomes by regulating the protein-coding genes, there are two major mechanisms being well appreciated. One is that protein-coding genes are much intensively regulated at transcription level in higher eukaryotes. This hypothesis is rooted in the observation that higher eukaryotes have the increased number of transcription factors. 1 Although the increase is not dramatic (e.g., yeast contains one transcription factor per 20 genes while human contains one for every ten genes), 1 the potential combinatorial effects of those transcription factors in regulating gene expression could be huge. In consistent with the combinatorial transcription regulation, the genes in higher eukaryotes tend to have much longer promoters, 1 which could serve as the action site of multiple transcription factors. Another well appreciated mechanism to regulate gene expressions of higher eukaryotes is the alternative splicing by which multiple transcripts, which may or may not encode different peptide isoforms, could be generated from a single gene. 6 Similar to alternative splicing, APA could also produce multiple transcripts from a single gene. Yet, the role of APA in enriching the transcriptomes of higher eukaryotes has not been well appreciated. In this paper, we will discuss and present evidence of that APA, serving as an additional mechanism, does add another layer of complexity to the transcriptome of higher eukaryotes.
The role of APA in regulating gene expression and its physiological relevance has long been recorded. Two classical examples are of the transcription of calcitonin/CGRP and immunoglobulin genes. 7 However, it has not been appreciated until recently that APA affects the transcriptome of higher eukaryotes as a general mechanism. A globe survey of human transcriptome suggested that more than 60% of the human genes encode multiple transcripts derived from APA. 8, 9 APA has been estimated to occur in at least 25% of genes in Arabidopsis 10 , and about 50% of genes in rice. 11 Further, the transcript isoforms derived from APA vary significantly across different human tissues. 12 In a recent study, Brain-specific APAs were identified and being regulated by a neuron-specific splicing factor, Nova. 13 Those investigations provide evidence pointing to not only on how general the APA is in the transcriptome of higher eukaryotes but that the APA could be physiologically relevant in development.
While the evidence clearly indicates that APA is a general phenomenon, it is not clear how higher eukaryotes evolve to explore the house-keeping process, polyadenylation, to regulate the expression of specific genes by means of APA. To gain insight into the evolution mechanism, we performed phylogenetic analyses of the polyadenylation factors from several eukaryotes including lower eukaryote (yeast and green algae), higher eukaryotes (human, Arabidopsis and rice) and an eukaryote in between (Lycophyte). Since only have the polyadenylation factors of yeast and human been experimentally defined by in vitro biochemical assays, 7 we started from those factors to extract the candidate homologues of the eukaryotes. We used two strategies to collect the candidate homologues: (1) directly extract candidates from YOGY database; 14 and (2) extract similar peptide sequences by blasting their genomes individually. Candidates gathered from both strategies were combined and redundant entries were manually removed. The non-redundant whole collection of candidate homologs for each polyadenylation factor were subject to phylogenetic analysis using parsimony and bootstrap programs within PAUP 4.0 package. The true orthologs of each yeast and human polyadenylation factor were judged by whether they form a clade with the polyadenylation factor. With these analyses, we found that the number of polyadenylation factors tends to increase in higher eukaryotes (Fig. 1) . The number of polyadenylation factors ranges from 24 to 27 in higher eukaryotes (human, 24; rice, 26; Arabidopsis, 27), twice of that of lower eukaryotes (13 for both yeast and algae). The number in Lycophyte (18) falls in between (Fig. 1) , consistent with its evolutionary position among these eukaryotes. This increased number of orthologs in the range of eukaryotes provides a potential for their functional differentiation and thus a potential for some of them being specifically adapted to playing a role in the APA mechanism.
Indeed, characterization of Arabidopsis mutants of these polyadenylation factors supports above hypothesis since most of the paralogs showed functional differentiation. [15] [16] [17] [18] [19] For example, there are two genes encoding Arabidopsis orthologs of yeast Clp1p or human hClp1, AtCLPS3 and AtCLPS5. Lost-of-function analyses revealed that CLPS3 functions in the female gametophyte transmission and is required for early embryo development. 20 In addition, overexpression of CLPS3 specifically cause altered meristem differentiation and early flowering time. 20 However, T-DNA knockout mutants of CLPS5 showed no visible phenotype (Xing et al. unpublished observation) . In the case of yeast Pcf11p and human hPcf11, there are four Arabidopsis paralogs, PCFS1, PCFS2, PCFS4 and PCFS5. 21 PCFS1 was most closely related to PCFS5, yet the T-DNA knockout mutant of PCFS1 showed no visible phenotype while PCFS5 was essential for plant viability (Xing et al. unpublished observation). Different from both PCFS1 and PCFS5, the knockout mutants of PCFS4 showed delayed flowering time and slightly altered leaf shape. 21 How do PCFS4 and CLPS3, two polyadenylation factors, gain their specific biological functions? Molecular studies on the role of PCFS4 and CLPS3 in controlling flowering time revealed that PCFS4 and CLPS3, working together with another polyadenylation factor FY, regulated the APA of pre-mRNA of FCA, a promoter of flowering time. Therefore, the function of PCFS4 and CLPS3 in regulating flowering time is mediated by APA. It will be interesting to see whether and how the overall APAs in Arabidopsis transcriptome are affected by PCFS4 and CLPS3. In addition to polyadenylation factors, other components were also found to participate in APA mediated gene regulation such as FCA. It is reasonable to expect that there would be additional factors involved in this process. 
